The periodic cartilage and smooth muscle structures in mammalian trachea are derived from tracheal mesoderm, and tracheal malformation results in serious respiration defects in neonates.
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The mammalian respiratory system is crucial for postnatal survival, and defects in the development of the respiratory system cause life-threatening defects in breathing at birth 1 . The trachea is a large tubular air path that delivers external air to the lung. Abnormal development of the tracheal mesenchyme, including cartilage and smooth muscle (SM), is associated with congenital defects in cartilage and SM such as tracheoesophageal fistula (TEF) and tracheal agenesis (TA) 2, 3 . Thus, understanding tracheal development is crucial to better understand TEF/TA and establish a protocol to reconstruct trachea from pluripotent stem cells for human tissue repair.
Trachea/lung organogenesis is coordinated by endodermal-mesodermal interactions during embryogenesis. The primordial tracheal/lung endoderm appears at the ventral side of the anterior foregut at embryonic day 9 to 9.5 (E9.0-9.5) in mouse ( Fig. 1a ). Previous studies have revealed that development of tracheal/lung endoderm is initiated by graduated expression of mesodermal Wnt2/2b and Bmp4 expression along the dorsal-ventral axis [4] [5] [6] [7] . This mesodermal-to-endodermal Wnt and Bmp signaling drives expression of Nkx2.1, the key transcription factor of tracheal/lung lineages 8 , at the ventral side of the anterior foregut, which in turn suppresses Sox2 to segregate these Nkx2.1 + endodermal cells from the esophageal lineage. The Nkx2.1 + endoderm then invaginates into the ventral mesoderm to form the primordial trachea and lung buds. At the same time, the Sox2 + endoderm at the dorsal side develops into the esophagus by E10.5 (Fig. 1a ). By recapitulating developmental processes in vitro, tracheal/lung endodermal cells and differentiated epithelial populations have been generated from both mouse and human pluripotent stem cells [9] [10] [11] , and can also be used for disease modeling [12] [13] [14] .
However, an established protocol for inducing tracheal/lung mesoderm and differentiated mesenchymal tissue from pluripotent cells has not yet been reported because developmental signaling pathways coordinating the mesodermal development are still undefined.
The trachea mesoderm originates from splanchnic mesoderm, which is defined as the lateral plate mesoderm (LPM) surrounding the endodermal organs. At the same time as endodermal Nkx2.1 induction, trachea/lung mesoderm is also defined, expressing Tbx4/5 by E10.5, which are markers for trachea/lung mesoderm and required for proper mesenchymal development ( Fig. 1a) 15 . We previously reported that synchronized polarization of mesodermal cells and temporal initiation of cartilage development regulates tracheal tube morphogenesis by coordinating the length and diameter of the mouse trachea, respectively 16, 17 . However, the mechanism underlying the initial induction of trachea mesoderm is still unclear.
To study the initiation of the mesodermal development of the trachea, we validated the involvement of Nkx2.1 in mesodermal Tbx4 expression because endodermal-mesodermal interactions orchestrate organogenesis throughout development in general. Nkx2.1 is an endodermal transcription factor necessary for tracheal and lung development and its genetic ablation results in TEF 8 . We examined Nkx2.1 null mouse embryos and confirmed the TEF phenotype with a single tracheoesophageal (Tr-E) tube ( Fig. 1b ). Interestingly, Nkx2.1 null embryos retained Tbx4 expression in the ventrolateral mesoderm of a single Tr-E tube, although the segregation was defective ( Fig. 1b ), indicating that tracheal mesodermal induction is independent of endodermal Nkx2.1. We compared the phenotype of Nkx2.1 null with that of Shh Cre , Ctnnb1 flox/flox embryos which also show anterior foregut endoderm segregation defect and loss of Nkx2.1 expression ( Fig. 1c and d) 4, 5 . In contrast to Nkx2.1 null embryos, Shh Cre , Ctnnb1 flox/flox embryos did not express Tbx4, suggesting the activation of endodermal Wnt signaling, but not Nkx2.1, is required for following mesodermal Tbx4 expression. Thus, the initial induction of trachea mesoderm is independent of known Nkx2.1-mediated respiratory endoderm development, but dependent on Wnt signaling at the ventral anterior foregut.
To further study the spatiotemporal regulation of canonical Wnt signaling during tracheoesophageal segregation at E9.5 to E11.5, we used a reporter line LEF1 EGFP and examined the distribution of EGFP in the canonical Wnt signaling response ( Fig. 2a and b) 18 . At E9.5, EGFP was detected in the ventral half of the anterior foregut endoderm where trachea endodermal cells appear and express Nkx2.1 ( Fig.   2a and b, arrowheads). After E10.5, the EGFP reporter was activated in the surrounding mesoderm, and its intensity was increased at E11.5 ( Fig. 2a and b , arrowheads). Because these EGFP + mesodermal cells expressed Tbx4 (Fig. 2b ), we hypothesized that Wnt signaling in the early mesoderm is involved in the initiation of the tracheal mesoderm.
To validate the role of mesodermal Wnt signaling, we genetically ablated -Catenin, a core component of canonical Wnt signaling, from embryonic mesoderm. We employed the Dermo1-Cre line which targets embryonic mesoderm, including trachea/lung mesoderm, and generated Dermo1 Cre , Ctnnb1 flox/flox mice [19] [20] [21] [22] . In the mutant embryos, Tbx4 expression was absent in the mesoderm at E10.5 ( Fig. 2c ), indicating that mesodermal canonical Wnt signaling is necessary for Tbx4 expression. In contrast, endodermal Nkx2.1 expression and tracheoesophageal segregation were not affected, indicating that mesodermal Wnt signaling and Tbx4 is dispensable for endodermal development. To our surprise, the mutant still developed lung buds and expressed Tbx4 in mesoderm ( Supplementary   Fig. S1a ). Disruption of Wnt signaling in the mesoderm altered Tbx4 expression in the tracheal but not lung mesoderm, suggesting that Wnt-mediated mesodermal Tbx4 induction is a unique system in tracheal development but not lung development.
We further examined late developmental stages to determine whether cartilage and SM architectures are affected in Dermo1 Cre , Ctnnb1 flox/flox embryos. In the mutants at E16.5, a periodic cartilage ring structure labeled with Sox9 failed to develop, and circumferential SM bundles labeled with smooth muscle actin (SMA), became randomized ( Fig. 1d and d' and Supplementary Fig. S2 . Therefore, mesodermal Wnt signaling is crucial for trachea mesenchymal development, and its defect results in the trachea cartilage agenesis phenotype.
Next, we sought to identify a source of Wnt ligands that initiates mesodermal Tbx4 expression.
Due to essential role of Wnt2 at early trachea/lung development 4 , we conducted in situ hybridization for Wnt2 and revealed transient expression of Wnt2 in the ventrolateral mesoderm of the anterior foregut at E9.5, which was obviously reduced by E10.5 when Tbx4 was expressed (Figs. 2b and 3a).
Wnt2 is most likely not involved in Tbx4 expression after E10.5. This observation prompted us to hypothesize that an endodermal-to-mesodermal interaction but not mesodermal autonomous induction is required for Tbx4 expression. To test this hypothesis, we generated Shh Cre , Wls flox/flox mice, in which endodermal Wnt ligand secretion is inhibited by targeting Wntless (Wls) gene, which is essential for exocytosis of Wnt ligands 23 . This endoderm-specific deletion of Wls resulted in loss of Tbx4 expression in the mesoderm but retained Nkx2.1 expression in the endoderm and Wnt2 in the mesoderm ( Fig. 3b and c) 23 , making these mice a phenocopy to Dermo1 Cre , Ctnnb1 flox/flox mice ( Fig.   2c ). Shh Cre , Wls flox/flox embryos also formed lung buds and expressed Tbx4 in the distal lung mesoderm ( Supplementary Fig. S1b ), supporting our idea that Wnt signaling in splanchnic mesoderm mainly contributes to initiation of mesodermal development of the trachea, but not of the lung.
These findings indicate that the endodermal Wnt ligands are sufficient for tracheal mesodermal development. From these observations, we conclude that mesodermal Wnt2 activates endodermal canonical Wnt signaling to express Nkx2.1 and Wnt ligands individually. These Wnt ligands then induce endodermal-to-mesodermal canonical Wnt signaling to initiate mesodermal Tbx4 expression ( Fig. 3d ). These results also suggest that specification in the trachea endodermal lineage is not necessary for the initial induction of the tracheal mesoderm.
To ask whether Wnt signaling is capable of initiating the differentiation of naïve mesodermal cells to Tbx4 + tracheal mesodermal cells in vitro, we established a protocol for lateral plate mesoderm (LPM) induction from mouse ESCs by refining the published protocol for LPM induction from human pluripotent stem cells 24 . Because mouse and human ESCs show different states called naïve and primed, which correspond to pre-and post-implantation epiblasts, respectively, we converted mouse ESCs (mESCs) into an epiblast 'primed' state that led to middle-primitive streak (mid-PS) cells 25 .
These mid-PS cells were then differentiated into LPM cells ( Fig. 4a ). At day 5, LPM induction was confirmed by immunocytochemistry for Foxf1 which is known as expressed in LPM including splanchnic mesoderm 26 (Fig. 4b) . Given that previous mouse genetic studies have identified Bmp4 as a crucial regulator of tracheal development 6, 27 , we tested whether canonical Wnt and Bmp4 signaling are sufficient to direct the differentiation of the LPM into the tracheal mesoderm (Foxf1 + /Tbx4 + ).
mESC-derived LPM cells were cultured with Wnt agonist (CHIR99021) and Bmp4 for 3 days and analysed by immunocytochemistry. The majority of cells were double positive for Foxf1 + and Tbx4 + at day 8, suggesting successful induction of the tracheal mesoderm ( Fig. 4c ). At day 12, importantly, Sox9 + aggregated cell masses positive for Alcian blue staining appeared on the dish, indicative of chondrocytes ( Fig. 4d, e ). Smooth muscle cells (SMA + cells) concurrently appeared to show fibroblastic morphology and filled the spaces not filled by the Sox9 + cells (Fig. 4d ). These data suggest that the mESC-derived tracheal mesoderm is able to develop into tracheal mesenchyme, including chondrocytes and smooth muscle cells.
Finally, we tested the role of Wnt signaling in the human tracheal mesoderm using human ESCs (hESCs). Human LPM induction was performed by following an established protocol 24 (Fig. 4g ).
Subsequently, the cells were directed to tracheal mesoderm using a Wnt agonist and Bmp4. Because Tbx4 is also expressed in the limbs and other fetal mouse tissues 28 , we sought additional genetic markers for the tracheal mesoderm. We searched the single-cell transcriptomics dataset of the developing splanchnic mesoderm at E9.5 and identified Nkx6.1 as a marker for mesodermal cells surrounding the trachea, lung and oesophagus (Han et al., 2019, co-submitted to Nature Cell Biol.).
The expression of TBX4 and NKX6.1 in the hESC-derived tracheal mesoderm was examined by qRT-PCR. Although TBX4 was induced in a Wnt agonist dose-dependent manner, NKX6.1 expression was not significantly elevated ( Supplementary Fig. S3a ), suggesting that human tracheal mesoderm development requires an additional factor to become more in vivo-like. Because the ventral LPM is exposed to SHH in addition to Wnt and Bmp4 during tracheoesophageal segregation 29, 30 , we assessed whether the SHH agonist (purmorphamine) can improve differentiation from hESC-derived LPM cells into the tracheal mesoderm ( Fig. 4f and Supplementary Fig. S3b ). As expected, both TBX4 and NKX6.1 expression was upregulated by the SHH agonist ( Supplementary Fig. S3c ). In this culture condition, the Wnt agonist enhanced the expression of the TBX4 and NKX6.1 genes in a dosedependent manner (Fig. 4g, h) . Further extended culture induced SOX9 + chondrocytes in a Wnt activity-dependent manner (Fig. 4i, j) . In this culture system, the removal of BMP4 from the growth factor cocktail did not affect differentiation, implying that exogenous BMP4 activation is dispensable ( Fig. 4k-m) . Because of the obvious upregulation of the endogenous BMP4 gene in the hESC-derived LPM by day 2, endogenous BMP4 may be enough to induce tracheal mesoderm and chondrocytes ( Fig. 4n ). Taken together, these data suggest that Wnt signaling plays a unique role in driving differentiation into tracheal mesoderm and chondrocytes from the LPM, which is conserved between mice and humans.
This study demonstrated that endodermal-to-mesodermal canonical Wnt signaling is the cue that initiates tracheal mesodermal development in developing mouse embryos, which is independent of the previously known Nkx2.1-mediated respiratory tissue development. Based on our knowledge of developmental biology, we successfully generated tracheal mesoderm and chondrocytes from mouse and human ESCs. In our protocol, we stimulated ESC-derived LPM with Wnt, Bmp and SHH signaling to mimic spatial information of the ventral anterior foregut. For induction of respiratory endoderm, Wnt, Bmp and Fgf signaling are required to direct cells in anterior foregut to differentiate into the respiratory lineage [9] [10] [11] . Thus, Wnt and Bmp signaling are conserved factors that provide spatial These culture methods could be a strong tool to study human organogenesis and the aetiology of TEA and TA, as well as to provide cellular resource for human tracheal tissue repair.
Methods

Mice
All mouse experiments were approved by the Institutional Animal Care and Use Committee of RIKEN Kobe Branch. Mice were handled in accordance with the ethics guidelines of the institute. Nkx2.1 null , Shh Cre , Dermo1 Cre , Ctnnb1 flox/flox , Wls flox/flox mice were previously generated 16, 20, [31] [32] [33] .
In all experiments, at least 3 embryos from more than 2 littermates were analyzed. All attempts for replicate were successful. Sample size was not estimated by statistical methods. No data was excluded in this study. All control and mutant embryos were analyzed. No blinding was done in this study.
Immunostaining
Mouse embryos were fixed by 4% Paraformaldehyde/PBS (PFA) overnight at 4C. Specimens were dehydrated by ethanol gradient and embedded in paraffin. Paraffin sections (6-m) were deparaffinized and rehydrated for staining. Detailed procedure and antibodies of each staining were listed in Supplementary Table 1 .
In situ hybridization
Mouse embryos were fixed with 4%PFA/PBS at 4C overnight, and then tracheas were dissected.
Specimens were incubated in sucrose gradient (10, 20, 30%) and embedded in OCT compound. Frozen sections (12-m) were subjected to in situ hybridization. For probe construction, Wnt2 cDNA fragment amplified by following primers 5'-ATAGTCGACACAGAGATCACAGCCTCTTT -3' and 
Immunocytochemistry
At differentiating process, cells were fixed by 4% PFA for 10 minutes at room temperature. For intracellular staining, cells were permeabilized by 0.2% TritonX-100/PBS for 10 minutes at room temperature. After blocking the cells with 5% normal donkey serum, cells were incubated with primary antibodies overnight at 4C. Then, cells were incubated with secondary antibodies for 1hr at room temperature. Detailed procedure and antibodies of each staining were listed in Supplementary   Table 2 .
Alcian blue staining
Cells were fixed in 4% PFA/PBS for 10minute at room temperature. After washing with PBS, cells were incubated with 3% acetic acid for 3 minutes and then stained with 1% alcian blue/3% acetic acid for 20 minutes.
Quantitative RT-PCR
Total mRNA was isolated by using the Nucleospin kit (TaKaRa, 740955) according to manufacturer's procedure. cDNA was synthesized by Super TM Script TM VILO cDNA synthesis kit (Thermo Fisher Scientific, 11754050). qPCR was performed by PowerUp TM SYBR TM Green Master Mix on QuantStudio 3 or 6. Primer sequences were listed on Supplementary Table 3 . Data are expressed as a Fold Change and were normalized with undifferentiated cells expression.
Statistical analyses
Statistical analyses were performed with Excel2013 (Microsoft) or PRISM8 (GraphPad software).
For multiple comparison, one-way ANOVA and Tukey's methods were applied. For paired comparison, statistic significance was determined by F-test and Student's or Welch's two-tailed t test. 
